Renal hemodynamics and plasma renin activity were studied during acute and chronic renal artery constriction produced by an externally controlled snare in conscious dogs. Renal vascular resistance immediately decreased, then increased to a level above control after approximately 1 hour, and continued to increase until the second day after constriction. Total renal flow rate was unchanged in the first hour, decreased in the second hour, and decreased further between the first and the second day after constriction. Renal artery pressure distal to the snare increased after the initial stenosis but remained below the control level. Changes in renal artery pressure were dependent primarily on renal vascular resistance rather than on aortic blood pressure. Analysis of ""Xe-clearance curves showed that the fractional weight of and the fractional flow to the fastest-clearing compartment decreased after the first hour and decreased further between the first and the second day after constriction. Plasma renin activity rose immediately, began to drop on the first day after constriction, and was essentially normal by the second day. No parameter changed significantly after the second day, and no hemodynamic factor was consistently correlated with changes in plasma renin activity. These results do not confirm an apparent correlation between renal vasodilation and renin release reported in an earlier study. KEY WORDS renin renovascular hypertension renal blood flow tntrarenal distribution of blood flow renal vascular resistance 133-xenon CHANGES AFTER RENAL ARTERY CONSTRICTION 521
• In previous studies ( 1 , 2) , we reported that the renin release caused by acute renal artery constriction in the conscious dog was associated with renal vasodilation and that the decline to normal of peripheral renin levels was associated with renal vasoconstriction. The additional finding that certain renal vasodilating drugs such as dopamine, isoproterenol, acetylcholine, and nitroprusside were potent stimulators of renin release in dogs with renovascular hypertension (1) suggested that dilation of the renal vascular bed might be a basic part of the renin release mechanism. Some evidence opposed this concept, however: hemorrhagic shock and norepinephrine infusion, both of which markedly stimulate renin release, were associated with renal vasoconstriction.
To better understand the relationship between renin release and dilation Or constriction of the renal vasculature and to more fully delineate the changes that occur in renal hemodynamics during acute and chronic renovascular hypertension, we extended our earlier study by giving more detailed attention to time relationships during the early phase of renal artery stenosis. Our results indicate that the renal vasodilation following acute renal artery stenosis is a very transient phenomenon and is probably unrelated causally to renin release. was rapidly injected into the renal artery, and this injection was followed immediately by administration of approximately 1 ml of saline. The disappearance of l:u Xe was externally monitored by a gamma scintillation probe placed over the kidney. The output of the counter was fed into a digital recording device which punched the data into paper tape. The 13H Xe-disappearance curves were analyzed as both three-compartment and four-compartment solutions with a computer, and the solutions were expressed as the zero-time intercepts and the slopes of the exponential curves representing the compartments. The standard errors of the estimates were calculated for each solution, and thus either the three-or the four-compartment solution was selected as best fitting the observed data. In these studies, the three-compartment solution generally gave the better fit, a finding in agreement with that of Ladefoged et al. (4) .
Other investigate] s (3, 5 ) have adopted the convention of defining compartment 1 as the fastest-clearing compartment of the kidney or the compartment with the highest perfusion rate, compartment 2 as the second fastest-clearing compartment, etc. Autoradiography and other techniques have been used to show that in the normal kidney compartment 1 corresponds to the Acute changes in renal vascular resistance (RVR) after the production of renal artery stenosis. Each dot or series of connected dots indicates data from an individual dog. MABP = mean arterial blood pressure; RAP -renal artery pressure; f = total renal blood flow rate; RVR = rena 1 vascular resistance in peripheral resistance units (pru); W •= fractional weight of compartment 1;
Ao' = fractional Ao' + A," flow to compartment 1; PRA -plasma renin activity; Time = minutes after renal artery stenosis; Days -total numbei of days dog was studied after renal artery stenosis. For explanation of control, acute-1, acute-2, day-1, and chronic experiments, see text.
*In dog 3, the renal artery snare was inadvertently loosened after initial tightening. The snare was, retightened, and acute-] studies were repeated on a second day. The values for the repeated determinations are given in parentheses. outer cortex and compartment 2 represents the juxtamedullary region of the cortex. Compartment 3, and, if present, compartment 4 represent the remaining areas of the kidney, primarily the inner medulla and die renal fat.
Total renal flow rate in units of milliliters per 100 grams of kidney per minute was estimated by the method described by Pomeranz et al. (5) , who validated their results by comparison of calculated renal blood flow with directly mea-sured renal vein effluent. This technique neglects flow to the inner medulla, which constitutes only a small fraction of total renal blood flow. In the present study, we did not measure kidney weight since we were interested in changes in blood flow and not in absolute blood flow. The values given for total renal flow rate are, therefore, renal perfusion rates and do not represent absolute blood flow.
The ratio of outer cortical (compartment 1) to where A,,' and A,," are the zero-time intercepts of compartments 1 and 2, respectively. From the zero-time intercepts and the slopes of the curves for compartments 1 and 2 (k' and k", respectively), the ratio of outer cortical to total cortical weight (or volume of distribution, assuming the specific gravity of tissue to be uniform throughout the kidney) was calculated (6) and designated as W .
The design of this study did not permit the use of autoradiography to precisely correlate intrarenal changes in flow distribution with anatomical areas. A relative value for renal vascular resistance (in peripheral resistance units) was calculated by dividing renal artery pressure by total renal flow rate.
PLASMA RENIN ACTIVITY
Plasma renin activity was measured with a rat bioassay method which was a modification of the method of Pickens et al. (7) . Angiotensinases were inhibited by removing calcium with ethylenediaminetetraacetic acid (EDTA) and adding diisopropyl fluophosphate. Plasma samples, 1 ml, were incubated for 16 and 24 hours. The standard four-point assay method was used, and ( the results were expressed as nanograms of angiotensin II (All) generated per 100 milliliters of plasma per hour incubation time.
Results
Renovascular hypertension was produced in 16 dogs by the methods described. In analyzing the data, we noted a striking pattern in the changes in renal vascular resistance during the acute phase of renal artery stenosis and as chronic hypertension developed. With tightening of the snare, renal vascular resistance generally underwent an immediate decrease followed by an increase to a level above base line. Analysis of the time relationships involved revealed that in 13 of 15 experiments (87$) renal vascular resistance was less than control up to 57 minutes after constriction, but in 12 of 13 experiments (92%) renal vascular resistance was greater than control after more than 57 minutes of stenosis ( Fig. 1 ). On this basis, the acute experiments were divided into two groups: acute 1 (up to 57 minutes after stenosis) and acute 2 (more than 57 minutes after stenosis). On day 1 following stenosis, renal vascular resistance was further elevated and was significantly higher than either control or acute-2 levels. Within the period from day 2 until the termination of the study in each dog, no parameter changed significantly, although the mean renal vascular resistance during this period was significantly higher than that of day 1. Thus, the data are divided into five chronological periods: control, acute 1, acute 2, day 1, and chronic (days following day 1). These data are shown in Table 1 .
To determine the significance of changes between periods, we grouped paired data into separate divisions as shown in Figure 2 .
Student's f-test was used for comparison of means.
CONTROL COMPARED WITH ACUTE 1
Nine dogs were studied in the acute-1 period. In one dog (dog 3) the renal artery Circulation Rsitrrcb, Vol. XXXI. October 1972 snare was inadvertently loosened after initial tightening, and the acute-1 studies were repeated on a second day. Mean arterial blood pressure increased from a control value of 111 ±3.1 (SE) to 135 ±5.9 mm Hg (P < 0.001) during the acute-1 period, and renal artery pressure decreased from 107 ±3.1 to 75 ± 6.1 mm Hg (P<0.001). In one dog (dog 7), renal artery pressure decreased acutely after renal artery stenosis but then increased back to the control level within a few minutes. Mean arterial blood pressure simultaneously rose so that a pressure gradient of 40 mm Hg was maintained across the stenosis. In view of the acute hypertensive response and the presence of the pressure gradient we chose not to further tighten the snare. Total renal flow rate did not change significantly. Renal vascular resistance decreased from 0.530 ± 0.060 to 0.424 ± 0.071 (F < 0.001).
Analysis of the intrarenal distribution of blood flow showed no significant change in relative compartment-1 tissue weight (W'), but fractional compartment-1 flow (Ao'/[Ao + A o "]) increased significantly from 0.831 ± 0.021 to 0.870 ± 0.017 (P < 0.001). Plasma renin activity rose markedly from 225 ± 81 to 943 ± 186 ng All/100 ml hour-1 ( P < 0.001).
ACUTE 1 COMPARED WITH ACUTE 2
Five dogs were studied in both the acute-1 and the acute-2 periods. Mean arterial blood pressure did not significantly change between the two periods, although renal artery pressure rose from 72 ±2.5 to 87 ± 4.9 mm Hg (P < 0.001). This new level of renal artery pressure was still significantly (P < 0.001) below the control mean. Total renal flow rate dropped sharply in the acute-2 period from 245 ± 48 to 170 ± 21 ml/100 g min-1 (P < 0.001) as renal vascular resistance increased markedly from 0.327 ± 0.055 to 0.538 ± 0.062. This new level of renal vascular resistance was significantly higher ( P < 0.001) than either acute-1 or control means. Both fractional weight and flow of compartment 1 decreased significantly: W dropped from 0.517 ±0.031 to 0.467+0.051 (P<0.05) and A 0 '/(A 0 ' + A o ") dropped from 0.862 ±0.023 to 0.787 ± 0.043 (P<0.02). Plasma renin activity did not change significantly between the two periods.
ACUTE 2 COMPARED WITH DAY 1
Six dogs were studied in both the acute-2 and the day-1 periods. Mean arterial blood pressure underwent a slight but significant increase from 124 ±3.1 to 129 ± 3.1 mm Hg (P < 0.01), but neither renal artery pressure nor total renal flow rate changed significantly. There was a further increase in renal vascular resistance from 0.689 ± 0.120 to 0.852 ± 0.238 (P<0.05), and the new level of renal vascular resistance was again significantly higher (P<0.001) than the control mean. There was no significant change in the distribution of blood flow or weight between compartments 1 and 2. Plasma renin activity decreased from 1053 ± 141 to 573 ± 145 ng All/100 ml hour 1 (P<0.001) but remained significantly higher than the control level.
DAY 1 COMPARED WITH CHRONIC
Nine dogs were studied in both the day-1 and the chronic periods. Mean arterial blood pressure again increased from 134 ± 6.4 to 141 ± 6.6 mm Hg ( P < 0.05), but renal artery Circulation Keittrcb, Vol. XXXI, October 1972 pressure remained unchanged. Total renal flow rate declined from 125 ± 16 to 111 ± 15 ml/100 g min" 1 (P<0.02), and renal vascular resistance increased from 0.801 ± 0.158 to 0.950 ±0.172 (P<0.05). There were significant decreases in both fractional weight and flow of compartment 1: W decreased from 0.481 ±0.075 to 0.388 ±0.55 ( P < 0.001), and A 0 '/(A 0 ' + A 0 ") declined from 0.746 ±0.073 to 0.669 ±0.061 (P<0.005). Plasma renin activity decreased further in the chronic period from 632 ± 105 to 254 ± 48 ng All/100 ml hour-1 (P<0.001).
CONTROL COMPARED WITH CHRONIC
Thirteen dogs were studied for 2 days or more following renal artery constriction. For these 13 dogs, the mean duration of study was 10.3 days with a range of 2 to 39 days. Comparison of means between the control and the chronic periods revealed an increase in mean arterial blood pressure from 108 ± 2.3 to 140 ± 6.4 mm Hg and a decrease in renal artery pressure from 104 ± 2.8 to 83 ± 5.7 mm Hg. Mean total renal flow rate decreased from 206 ±23 to 119 ±19 ml/100 g min" 1 . There was a rise in renal vascular resistance from 0.594 ±0.063 to 0.985 ±0.182. W declined from 0.509 ±0.020 to 0.383 ±0.48, and A o '/ (An' + Ao") decreased from 0.843 ±0.015 to 0.668 ± 0.55. All these changes were significant with P < 0.001 except for the change in W' t which was significant with P < 0.01. Mean plasma renin activity increased slightly from 209 ± 56 to 228 ± 37 ng All/100 ml hour 1 , a difference which was not significant (P > 0.1).
FACTORS AFFECTING RENAL ARTERY PRESSURE
Pressure distal to a renal artery stenosis (renal artery pressure) is determined by the level of pressure proximal to the constriction (mean arterial blood pressure) and by the flow resistance distal to the constriction (renal vascular resistance). The relationships between these three factors were studied to determine whether mean arterial blood pressure or renal vascular resistance is the major determinant of renal artery pressure. The results are shown in Figure 3 . As shown by Figure 3A , changes in renal artery pressure correlate very poorly (r = 0.013, P>0.95) with changes in mean arterial blood pressure. The correlation is fairly good between changes in renal artery pressure and changes in renal vascular resistance (*" = 0.552, P<0.-005), as Figure 3B illustrates. If changes in renal artery pressure are corrected for changes in mean arterial blood pressure, as shown by Figure 3C , the resultant numbers correlate quite well with renal vascular resistance (r = 0.776, P < 0.001).
Discussion
The present study demonstrates that the acute renal vasodilation which occurs after renal artery stenosis is a transient phenomenon lasting an hour or less. This brief period of vasodilation is immediately followed by vasoconstriction; the vasoconstriction progresses in intensity with time to the second day after snare tightening, but after that no further significant increase occurs.
It is not clear what mechanisms are responsible for the vasodilation and the following vasoconstriction or whether the mechanism of vasoconstriction in the early phase is identical to that in the chronic phase. The ability of the kidney to autoregulate blood flow during an acute reduction in perfusion pressure is well known although poorly understood. Our results confirm the occurrence of acute autoregulation, but they do not shed any new light on the mechanism responsible. In the early phase of renal vasoconstriction, the possibility of angiotensin II being responsible is suggested by the fact that vasoconstriction occurs shortly after plasma renin becomes markedly elevated. However, if this is the case, then it is not clear why vasoconstriction is not seen during the acute-1 period when plasma renin is equally elevated.
As chronic hypertension develops, renal vasoconstriction progressively increases, although plasma renin declines to normal. This finding would seem to decrease the likelihood that the renin-angiotensin system underlies renal vasoconstriction in the chronic phase, although it does not eliminate such a possibility. There is no evidence in our results to support either an increase in renal vascular reactivity or an increase in sympathetic activity as mechanisms of renal vasoconstriction in the chronic phase, although we did not study either of these possibilities specifically. Further investigation will be needed to elucidate the mechanism involved.
The level of pressure which occurs distal to the stenosis in renovascular hypertension has not been clarified in previous studies mainly due to the technical difficulty encountered in CircuUsion Research. Vol. XXXI, October 1972 CHANGES AFTER RENAL ARTERY CONSTRICTION 529 measuring the pressure. It has not been settled, for example, whether a low perfusion pressure is actually required for the maintenance of hypertension or whether the pressure is normal or even elevated, thereby possibly accounting for the normal plasma renin activity usually observed during chronic renovascular hypertension. Carter et al. (8) found a wide variation in the level of renal artery pressure in patients with renal artery stenosis, but almost all the pressures observed were clearly above the normotensive range of blood pressure. Likewise, Skinner et al. (9) in studies on chronically hypertensive dogs found normal or elevated pressures in the renal artery distal to a Goldblatt clamp. In contrast to these studies, we observed that renal artery pressure remained below normal in the present study.
The study of renal artery pressure in renovascular hypertension is complicated by the fact that, in the presence of a fixed renal artery stenosis, the level of renal artery pressure attained is the result of two factors, namely, pressure proximal to the stenosis (mean arterial blood pressure) and flow resistance distal to the stenosis (renal vascular resistance). A change in either of these factors would be expected to produce a change of similar direction in renal artery pressure. The results of our study indicate that, of the two factors, renal vascular resistance clearly plays a more important role than does mean arterial blood pressure.
The m Xe-clearancc technique does not measure absolute renal blood flow, but rather, it measures renal perfusion in terms of flow per unit weight of renal tissue. It has been shown that acute reduction in renal perfusion pressure causes a simultaneous decrease in the weight of the kidney (10). A proportional decrease in both absolute renal blood flow and kidney weight would be expected to produce no apparent change in measured perfusion. The question, therefore, arises as to whether the apparent stability of renal blood flow in the acute-1 period was artjfactual, that is, the result of simultaneous decreases in both absolute renal blood flow and kidney weight.
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Under this condition, it would be difficult to explain the observed fall in perfusion between the acute-1 and the acute-2 periods; a sudden increase in kidney weight in the acute-2 period would have to be postulated, and such an increase seems most unlikely. For these reasons, we conclude that the values obtained with the 13s Xe-clearance technique accurately reflect directional changes in absolute flow.
Analysis of the intrarenal distribution of blood flow revealed a decreasing trend in both the relative weight of and the flow to compartment 1 as hypertension developed. These changes paralleled each other and closely paralleled total kidney perfusion as well. Since normal flow to compartment 1 averages about 80S? of total renal blood flow (3), it is not surprising that a decrease in total perfusion, such as we observed, would be associated with a nearly proportional decrease in compartment-l flow. We did not perform autoradiography to localize the various 1H!i Xeclearance compartments anatomically, but such studies conducted under a variety of conditions by other investigators (5, 6, 11) suggest that a reduction in outer cortical perfusion is the basis for the changes in intrarenal flow distribution observed in the present study.
Plasma renin activity rose markedly with acute renal artery stenosis, declined significantly the first day after stenosis, and returned to an essentially basal level thereafter. In our previous work (1, 2) , we found an apparent association between renin release and renal vasodilation. Observations were made only during the first few minutes after stenosis in the earlier study, however. In the present study, we observed that plasma renin activity remains markedly elevated in the acute-2 period despite the fact that renal vasodilation gives way to vasoconstriction. On day 1, mean renal vascular resistance is further increased, although plasma renin activity is still elevated. Thus, our present findings do not support the earlier concept that renal vasodilation plays a significant role in the mechanism of renin release. In addition, it can be seen that the pattern of rise and fall in plasma renin activity does not parallel the pattern of change in renal artery pressure.
It remains to be determined if renal vasoconstriction, such as we observed in this study, is a feature of human renovascular e. hypertension. If so, determination of renal vascular resistance in cases of human hypertension associated with renal artery stenosis might conceivably help identify those patients whose hypertension is due to the stenosis.
